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ABSTRACT
Wetlands created or restored to replace natural wetland often fail to achieve functional
equivalence and delivery of similar ecosystem services, especially with regard to plant
community structure. In these young ecosystems, native emergent plants may not successfully
compete with invasive species that are more rapid colonizers and capable of taking advantage of
disturbed systems. This susceptibility to invasion and lack of resilience is exacerbated under
conditions of high nutrient availability or extreme variations in weather as a result of climate
change. Management of invasive plants in wetlands typically involves costly chemical and
mechanical control measures, necessitating development of cost-effective and less
environmentally damaging management practices to control invasive plants and ensure
successful outcomes of restoration efforts. The addition of carbon to wetland soil has been
previously shown to decrease nitrogen availability by promoting microbial processes that
immobilize N. We hypothesized that by decreasing nitrogen availability through addition of
organic matter, that we would increase the competitive ability of native species that are better
adapted to low nutrient environments. To test this prediction, carbon, in the form of readily
available leaf litter compost, was added to two created emergent freshwater wetlands in Perinton,
NY that differ in hydrology. Compost was applied in large (2 x 30 m) transects and the
vegetation community composition and soil characteristics monitored throughout the growing
seasons of 2015 and 2016. At the wetter site, compost addition was crossed with manual removal
of the dominant invasive plant, Typha sp. Weather patterns during the course of this study were
variable, including a severe drought during the 2016 growing season. Compost amendments
improved soil quality by increasing soil organic matter, soil moisture and bulk density and at the
drier site increased the cover of native species. During the drought in 2016, the plant community
shifted towards more resilient species, especially the invasive grass P. arundinacea, with
compost addition providing a minor buffer for the extreme lack of precipitation. The seasonal
and interannual variation observed in this study demonstrates the importance of frequent
monitoring and implementation of multiple management strategies in created wetlands to ensure
desirable outcomes, especially in light of the changing climate.
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1. Introduction
Wetlands: Services and Loss
Wetlands account for only five percent of all land cover in the coterminous United States
(Cowardin et al. 1979, Dahl 1986), but are highly productive relative to other ecosystems and
offer a multitude of ecosystem services, making them the most valuable per acre of all
ecosystems (Costanza 1997, Costanza et. al. 2014). Among the key services provided by
wetlands are habitat provision, water quality improvement, and hydrology (NRCS 2001). These
important services are threatened by high rates of wetland loss and failed attempts at wetland
creation and restoration. In the United States, only half of the original pre-European settlement
wetland area remains due to high rates of disturbance caused by land use change that has led to
draining, dredging or filling of wetlands for agriculture or development (Dahl 1990). In the
absence of complete destruction, degradation occurs through hydrological alterations, nutrient
pollution and colonization of invasive species. Directly linked with the degradation and loss of
physical wetland area is a decline in the services they provide (Zedler and Kercher 2005).
Created Wetlands
In order to combat loss of wetlands, in 1989 a policy of “No Net Loss” was enacted
which requires the restoration or creation of wetlands after the destruction of natural wetlands for
development (CWA 1977). One mitigation option is to create wetlands in an area where none
existed previously; the replacement wetland is required to mimic its natural counterpart both
physically and functionally (Memorandum of Understanding, 1990). Although this is required by
law, projects to create wetlands often fail due to poor construction and lack of post-construction
monitoring (VanWinkle 2021).
Wetland creation projects typically begin by removing the topsoil layer and then
excavating to the water table. The sediment at this layer often differs in texture, structure,
chemistry, and biota from the original topsoil or from natural wetland soil, even when the topsoil
layer is replaced (NRCS 2001). Soil organic matter in created wetlands is typically much lower
than in natural reference wetlands (Campbell 2002). Biogeochemical functions such as nutrient
cycling and decomposition suffer in newly created wetlands. Compared to natural wetlands,
restored and created wetlands only recovered an average of 74% of their biogeochemical
function (Moreno-Mateos et al. 2012). Low soil organic matter has been linked to lower

vegetation establishment and growth, poor habitat for macroinvertebrates and altered nutrient
cycling (Shafer & Ernst 1999). In a comparison study of created and natural wetlands, created
wetlands had slower decomposition rates and soil carbon was up to four times lower, resulting in
slowed cycling processes (Fennessy et al. 2008; Wolf et al. 2011). Sequestration of carbon, a
major wetland service, is limited by poor soil quality in created systems where the estimated time
for equal accumulation of carbon is 300 years (Bouchard, 2010).
Plant communities in created wetlands are also slow to recover and may never mimic the
natural wetlands they replaced. In a review of 124 comparative studies on created versus
reference wetlands, plants in created wetlands took on average 30 years to become statistically
similar to reference sites (Moreno-Mateos et al. 2012). Succession in created wetlands is often
unpredictable, oftentimes leading to a different wetland community structure than intended at the
outset. The trajectory of succession is highly site-specific and depends on both the methods of
construction and prior land use. Even though stability of the plant community in a created
wetland can be achieved, the species within that community could be vastly different than
reference sites, resulting in an altered ecosystem function (Matthews & Endress 2010). Overall,
created wetlands are limited in their ability to provide the ecosystem services of the wetlands
they replaced. Poor soil quality and nutrient cycling causes a decrease in biodiversity and may
encourage the establishment of less desirable species.
Hydrology
In created wetlands, hydrology plays a critical role in resulting ecosystem function by
modifying soil properties and biogeochemical cycling (Calhoun et al. 2014). The alterations to
the hydrological regime can result in change in species composition and nutrient cycling, as has
been observed in wetlands surrounding Lake Ontario, where historical periodic flooded and dry
seasons limited dominant plant species’ establishment, but regulating water levels in the lake
resulted in extensive stands of these plants (Wilcox & Meeker 1995). Climate change poses
additional complications to achieving goals of restoration due to unpredictable weather patterns.
Invasive Species in Created Wetlands
Created wetlands are especially prone to invasion, and 24% of the world’s most invasive
plants are wetland species (Zedler & Kercher 2004). Due to increased urbanization and
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agriculture in the watersheds of wetlands, nutrient loads have increased past the natural capacity
of wetlands (Brinson & Malvárez 2002). Passing the N threshold can result in a change in the
vegetation community within a wetland and dominance by generalist, N-limited, usually invasive
species that form dense, impenetrable stands (Bedford et al. 1999). The change in heterogeneity
of the vegetation landscape negatively affects biodiversity of other plant and animal species
(Zedler and Kercher 2004). Monotypic stands of invasive plants reduce habitat complexity and
available niches for native fauna, resulting in lower biodiversity (Weller & Spacher 1965,
Keough et. al 1999).
A primary cause for invasion is the functional role of wetlands as stormwater runoff sinks
for the surrounding watershed. Wetlands fed by surface water are even more likely to be invaded
since water flowing into these types of wetlands can carry seeds, clippings or roots that establish
easily in their new environment (Galatowitsch & Van der Valk, 1996). Directly, invasive species
form dense monocultures that block native plants from colonizing, decreasing biodiversity of
plant and eventually, of animal species. There is a possibility of positive feedback where
invasive ability increases as species richness declines, making a wetland less and less suitable for
native plants (Zedler & Kercher 2004).
Disturbance can also encourage the invasion of certain pest species in many types of
ecosystems (Thompson et al. 2001). When compared to reference wetlands, disturbed
environments had more widespread invasions. Once colonization by invasive species was
initiated, fewer species of native plants were present and the other species that were found were
of lower quality (Zedler & Kercher 2004). Creating wetlands is a disturbance in itself and after
construction, invasive species often establish immediately. In a study of Canadian wetlands, it
was found that invasive species are more likely to dominate a newly created wetland landscape
and have a negative effect on the surrounding native community (Houlahan & Findlay, 2004).
The most common invasive species in emergent freshwater wetlands in the northeastern United
States can be exotic species like Lythrum salicaria (purple loosestrife) and Typha angustifolia
(narrowleaf cattail), or native species like Typha latifolia (broadleaf cattail). Others are of
unknown origin like Phalaris arundinacea (reed canary grass), from either an introduced
European strain or a newer hybrid (Apfelbaum 1987, Zedler & Kercher 2004) or are formed as a
hybrid between native and exotic species (Typha x glauca) (Frieswyk et al. 2007).
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Created wetlands can also suffer from increased N loading as a result of nutrient-rich
runoff accumulation. With lower rates of N immobilization than natural wetlands because of low
organic matter (Fennessey et al. 2008), reactive N builds in these systems and promotes
dominance by invasive plants that thrive in environments with high N availability (Blumenthal et
al. 2003, Isbell et al. 2013, Moore et al. 1999). One of the more common invasive species in
wetlands throughout North America, P. arundinacea, thrives in nitrate-enriched prairie pothole
wetlands to the extent that native species biomass may be reduced by one-half (Green &
Galatowitsch 2002). Created wetlands face intrusion of invasive species due to the combination
of inherent disturbance, poor hydrology and excess nutrients. Together, these factors can threaten
the success of created wetland projects suggesting that early management following creation
could increase the rates of success.
Traditionally, management of invasive species is undertaken through chemical,
mechanical and biological techniques. These traditional control methods are useful for
controlling invasions but are costly and have potentially harmful ecosystem impacts. In 2000, the
yearly cost to the United States for aquatic plant control was estimated at 145 million dollars
(Pimentel et al. 2000). Chemical control utilizes herbicides to eradicate or limit the growth of
invasive plants. This is a costly option, but among the most effective (Kettenring & Adams
2011). The effects of the most common herbicide, glyphosate, are still widely unknown but
studies suggest negative effects on bees and create herbicide-resistant plant variants (Boily et al.
2013; Bonny 2008). Mechanical control includes cutting or hand pulling the entire plant or
cutting off the inflorescence. The drawback of this method is the time and labor intensity, along
with the risk of space left behind after removal that can allow for another invasion. Biological
control has been successfully used for L. salicaria through introduction of Galerucella
calmariensis (Loosestrife Beetle) that consumes the plant and reduces its ability to survive and
reproduce (Mullin 1998). This method of control is not without risk, and is often avoided until
extensive research is completed to ensure that the introduced species has no unintended effects.
There has been success in amending wetland soils to make them more suitable for native
plants by adding carbon and increasing microbial activity including denitrification, which
immobilizes nitrogen. This can promote the growth of plants, mostly native, that are adapted to
survive in lower nitrogen environments (Alpert & Maron 2000, Ballantine et al. 2012,
Kulmatiski 2011, Perry et al. 2004, Sutton-Grier et. al. 2009).
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Development of a more cost-effective and less damaging management strategy for
invasive wetland plants is needed. Because biogeochemical cycling controls nutrient availability,
which in turn influences plant community dynamics, wetland restoration methods that
intentionally alter biogeochemical cycles in the soil could provide a successful and cost-effective
method for invasive plant control. C in the forms of topsoil and biochar increases soil C which in
turn may enhance heterotrophic microbial activity (Ballantine et al. 2012). The addition of
carbon to wetland soil has been previously shown to decrease nitrogen availability. C fuels the
immobilization of N by supplying heterotrophic denitrifying bacteria with an organic matter
source. When carbon was experimentally added to prairie plots, invasive plant growth was
reduced, and native species thrived (Blumenthal et al. 2003). In a greenhouse experiment
evaluating competition between native wetland sedge (Carex hystericina) and P. arundinacea, N
availability was lowered using C enrichment. C. hystericina was able to outcompete the invasive
P. arundinacea when the soil was depleted of N (Perry et al. 2004).
Although studies have shown carbon soil amendments alone may reduce invasive plant
dominance, combining control techniques could be the answer to prolonged control. In a review
study of control themed studies of invasive species, Kettenring and Adams (2011) suggest that
when combined, control methods were shown to decrease invasive plant growth more than when
alone. For example, in a study looking to prevent P. arundinacea reinvasion, it was found that
after the removal of the invasive grass, if native grass species were able to colonize,
P.arundinacea reinvasion was reduced (Iannone & Galatowitsch, 2008). Although isolated
studies have demonstrated the potential for carbon addition as a potential restoration tool, large
scale, long-term field experiments using practical, commercially available materials are rare
(Ballentine et al. 2012, Kettenring & Adams 2011). If carbon addition in the form of accessible,
inexpensive leaf litter compost could lead to similar outcomes, it could be incorporated into
management strategies.
In this study, I evaluated the potential of a new method of deterring invasive species
growth while simultaneously promoting native growth by manipulating resource availability. By
amending wetland soil with carbon in the form of leaf litter compost and implementing other
traditional control methods, I tested the hypothesis that increasing soil organic matter improves
soil quality and alters biogeochemical cycles so that competition between denitrifying bacteria
and plants decreases invasive and stimulates native species growth.
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The overarching goal of this study was to experimentally determine whether the
amendment of created wetland soil with organic carbon was an effective management strategy
for the control of invasive species in freshwater wetlands. The findings of this study will inform
future management and creation processes in terms of the importance of soil development in
successful outcomes. The specific objectives of this study were (1) to determine whether large
scale C addition, in the form of leaf litter compost, will maximize native diversity and curb
invasive spread in both a large-scale field experiment and a greenhouse experiment, and (2) to
evaluate the effectiveness of combining C addition with opening the canopy (by cutting stems of
invasive species) on native species cover. We hypothesized that (1) manipulating resource
availability through the addition of C would suppress the growth of invasive plants and support
that of native for a more diverse community and (2) the effect of C addition would be greater
when combined with a more open canopy.
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2 Methods
2.1 Site Description
This study took place in two created wetlands at the 101 ha High Acres Nature Area
(HANA), in Perinton, New York, USA. HANA, which consists of forests, grasslands, created
and natural freshwater wetlands, vernal pools and ponds (Figure 1) is owned and managed by
Waste Management of New York, LLC (hereafter, WM). An expansion of the adjacent landfill
was approved in 2008 and in ordinance with the Clean Water Act and “No Net Loss of
Wetlands” requirements the subsequent loss of existing wetlands required the creation of
wetlands of equal size and ecological value. The proposed loss of 8 acres of natural scrub/shrub,
wooded and emergent wetlands was mitigated with the creation of 6.9 ha of new wetlands at
HANA between 2009 and 2012 (Stantec 2009).
The Cady wetlands were created in 2009 and converted 1.8 ha of early successional
agricultural field into a forested wetland, an emergent wetland, and eight vernal pools. The
wooded and emergent wetland cells are connected by two culverts that run beneath an east-west
berm and walking trail; water drains from the northern forested wetland to the emergent wetland
to the south (Stantec 2009) (Figure 2). The study took place in the emergent wetland, where in
spite of efforts to control invasive plants, the area was rapidly and persistently colonized by
emergent wetland species, including Typha spp. Standing water was typically present yearround, and the water depth varies seasonally, and the southern half is somewhat deeper than the
northern half. Plant species composition at the start of the experiment in 2014 included dominant
cover by invasive species, including T. latifolia, T. angustifolia and P. arundinacea, as well as
partial cover of native species like Alisma subcordatum (American Water Plantain) and Bidens
cernuus (Nodding Beggar-Ticks).
The second site, the Packard Wetlands, was created in 2012. Prior to creation, the site
consisted of upland and an existing pond used to pasture and water cows (Figure 1). The Packard
site consists of rehabilitated wet meadow, emergent marsh, forested wetland, and transitional
forest and scrub/shrub buffer totaling 1.5 ha (Stantec 2009). This experiment took place in the
southeastern wetland cell, intended as forested wetland but at the time of the study was
dominated by emergent wetland and wet meadow species, including Eupatorium perfoliatum
(Common Boneset), Scirpus validus (Bulrush) and A. subcordatum (American Water Plantain).
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Hand-pulling of early colonizing Typha spp. seedlings was conducted during spring and summer
of 2013, shortly after creation of the wetland, but persistent invasive species like Typha spp. and
Lythrum salicaria (Purple Loosestrife) were common. (Figure 3). The site is flooded in spring,
drying completely by early summer. There are dominant stands of Typha spp. and P.
arundinacea in both study sites, so herbicide applications occurred but avoided the area with
experimental plots. When spraying, the inflorescences of Typha spp. and the base of P.
arundinacea individuals were sprayed in both areas in mid-summer and fall of 2014, 2015 and
2016.
2.2 Experimental Design
In July 2014, five zones, each containing one pair of 30 m x 2 m transects (T1 – T10)
separated by a 1 m buffer, were established in Cady (Figure 2). Transects were arranged in a
paired block design within zones to accommodate potential spatial differences in water depth
across the site. The north-south oriented transects were marked in each corner and at the 15 m
midpoint with 1.5 m polyvinyl chloride (PVC) pipe. Within each transect, eight 1 m x 1 m
permanent sampling plots were randomly established throughout each transect and marked in the
northwest corner using 1 m PVC pipe. Vegetation data was collected in all permanent plots (n=8
per transect) and soil sampling was conducted in odd numbered plots only (n=4 per transect). In
May 2015, ten transects in Packard were established using the same design (Figure 3).
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Figure 1. Map of High Acres Nature Area and Landfill in Perinton NY. Experimental sites are
highlighted.

Figure 2. Experimental design at the Cady wetland.
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Figure 3: Experimental design at the Packard wetland.

Leaf litter was collected in fall by Waste Management of New York, LLC, from the
surrounding community and composted for 1.5 yr in managed rows that were periodically
turned. To each of the five odd-numbered transects, approximately 5 cm of leaf litter compost
was applied: in June 2014 and May 2015 and 2016 to the Cady wetland, and May 2105 and
2016 to Packard. The C:N molar ratio of compost was ~ 18.7 C:N (28% C, 1.8% N). With plant
cover taken into account, the total area of each plot covered by compost was estimated at 50 ±
4%, leading to a supplement of about 2.0 kg cm-2 and 0.13 kg N m-2 (McGowan 2020).
In 2015, prior to compost addition, cattails at Cady only were cut below the water level in
half of each transect to evaluate the combined impact of organic matter addition and mechanical
control. To accommodate for small differences in elevation, cutting was conducted in the same
half of the transects in each zone: the northern 15 m in Zones 1, 3 and 5 and the southern Zones
2 and 4 (Figure 2). Cattails were left intact in all transects at the Packard site.
2.3 Evaluating Impact of Management Techniques
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At both sites, vegetation percent cover of each species was recorded in the eight
vegetation plots by two observers in July 2014 (Cady only), and in May, July and September of
2015 and 2016 at both sites. Two observers made independent assessments of cover and
consensus was reached for each value. Total cover may exceed 100% due to varying plant
heights and overlap within the canopy. Species richness was calculated based on the number of
species present and diversity was evaluated using the Shannon-Wiener Diversity Index. Water
depths were taken from the NW and SE corner of each plot during the vegetation monitoring
when standing water was present.
In 2016, prior to compost addition in the spring and again in the fall, two soil cores per
plot (2.5 cm x 10 cm deep; 4 per transect) were taken for evaluation of soil organic matter, bulk
density, and extractable inorganic nitrogen using a 60 cc syringe corer. These were transported
on ice and then frozen at – 20°C until lab analysis. In 2016, pH was measured prior to freezing.
Soil pH was measured using a Hach pH probe after mixing soil in a 2:1 (V:V) slurry of deionized
water to soil (Gelderman & Mallarino 2012). Soil moisture and bulk density were determined by
weighing the sample before and after oven drying at 60°C for 24 hr. Using the same sample,
organic matter was measured by loss on combustion at 540°C for four hr (Blake and Hartge,
1986; Heiri et al., 2001). The second soil sample was used for measurement of extractable
ammonium and nitrate after KCl extraction. Briefly, the core was split into two 0.5 g samples.
Dry weight was obtained for one and the second was mixed with 50 mL of 2M KCl, shaken for
45 min and centrifuged (2000 RPM) for 10 min (Lachat 2003). Ammonium was measured using
the phenol-hypochlorite method (Maynard 2008) and nitrate using the cadmium reduction
method on a Lachat Quickchem 8500 autoanalyzer (Lachat 2003). Extractable ammonium and
nitrate were combined as total inorganic nitrogen (TIN) for statistical analyses and presentation
of data. Belowground biomass was measured at the end of the experiment in September 2016 to
compare between sites. One core (10 cm diameter x 25 cm depth) was taken just outside of each
control soil sampling plot using a soil auger. The samples were washed through a 1 mm mesh
sieve to remove soil, and the remaining roots and rhizomes dried at 60°C and weighed.
2.4 Greenhouse Experiment
A greenhouse experiment was conducted to further evaluate the effects of carbon addition
on invasive species alone and in combination with a common native species. Invasive T. latifolia

11

and P. arundinacea seedlings were collected from the field and native A. subcordatum
(American water plantain) was obtained from Southern Tier Consulting, West Clarksville, NY in
late June 2016. Each species was planted alone with two seedlings in each pot (T. latifolia, P.
arundinacea and A. subcordatum) or in paired combinations with one seedling of each species
(T.latifolia x A. subcordatum and P. arundinacea x A. subcordatum).
Seedlings were replanted in 3.78 L plastic planters lined with plastic bags and containing
1.89 L of wetland soil from the Cady wetland mixed with sand at a ratio of 1:9. Like the field
experiment, 5 cm of leaf litter compost was added to the surface of half of the pots. Shade cloth
was used to minimize extreme temperatures in the greenhouse, and plants were watered every 12 days to maintain soil saturation.
Plant heights were measured weekly for four weeks. At the conclusion of the
experiment, plants were clipped at the soil level, dried at 60°C and weighed for aboveground
biomass. Soil samples were collected for analysis of pH, extractable N and soil organic matter, as
described previously. Remaining soil was sieved and roots extracted, dried at 60°C and weighed.
Belowground biomass was not separated by species in mixed species pots.
2.5 Statistical Analysis
All statistical analyses were performed using JMP 15 Pro. Data were checked prior to
analysis, and if not normally distributed, were log transformed to conform to the assumptions of
parametric statistical analyses. The alpha level for all analyses was 𝛼 = 0.05. A one-way
ANOVA across all seasons in 2016 was used to evaluate site differences in control plots for soil
organic matter, total inorganic nitrogen, soil bulk density, pH, soil moisture, and water depth.
Total invasive cover, total native cover, species richness, and Shannon-Wiener diversity were
evaluated for site differences across 2015 and 2016 for control plots only. Belowground biomass
from fall 2016 was also evaluated between sites for control plots.
Soil properties measured in 2016 were evaluated for each site individually using either
two-way or three-way ANOVA with season (spring or fall), compost treatment, and cattail
removal (Cady only) as fixed factors and a two-way ANOVA with season (spring and fall) and
treatment as fixed factors. Zone was included as a random factor to account for potential spatial
variability within each site. Biomass and pH, measured one time only, were compared using oneway ANOVA with treatment as the fixed factor. To capture the seasonal dynamics of plant
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growth and dominance, the plant variables listed above and cover, stem density and height of
select invasive plants, were evaluated for each season separately, using ANOVA with year (2015
or 2016), compost treatment and cattail removal treatment (Cady only) as fixed factors and block
as a random factor. When significant differences were found, Tukey’s HSD post hoc test was
performed to further evaluate differences.
For the greenhouse experiment, soil properties, and final plant height and biomass were
compared between control and compost amended pots within each species, using t-tests.
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3. Results
3.1 Field Manipulation
3.1.1. Hydrology
The Cady wetland was permanently flooded in 2015 and 2016, drying by fall 2016 due to
extreme drought in the region. Water depths ranged from 28 cm during the spring in the south to
no standing water in the north at the height of the summer. In contrast, the Packard wetland was
seasonally wet and dried by the second seasonal vegetation survey in July both years. Overall,
the water level in Cady was significantly higher than Packard (p<0.001) (Table 1). In Cady,
water depth measured in compost addition plots was significantly shallower (p=0.04) than plots
with no compost added (Table 3). No standing water was left in either wetland by September
2016.
Table 1. Cross site comparison of control treatments in Cady and Packard. Mean ± SE water depth (cm),
soil moisture (%), organic matter (%), total inorganic nitrogen (mg/kg), soil pH, bulk density (g cm3),
belowground biomass (g), species richness, Shannon-Weiner diversity index, invasive plant cover (%),
and native plant cover (%) of control plots in each wetland. Results of a one-way ANOVA with
significant values highlighted.

3.1.2. Impacts on soil characteristics
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Prior to the compost addition, soil organic matter (OM) was similar between sites. At
Cady wetland, OM was 12.7 +/- 0.6% and 12.2 +/- 0.3% at Packard wetland. The comparison of
control plots showed significantly higher organic matter and belowground biomass in Cady than
in Packard (p=0.0003, p<0.0001) (Table 1). Total inorganic nitrogen was higher in Cady, yet not
significant. Soil moisture and soil pH were significantly higher at Packard than Cady (p=0.003,
p=<0.0001) (Table 1). Compost addition increased OM by roughly 3% in both areas, although
this was dependent on season with higher values at the end of the growing season (Season x
Compost interaction, p < 0.01 for both sites; Tables 2, 3, 4 and 5). There was no impact of cattail
cutting on OM.
Bulk density (BD) was not significantly different between sites (p=0.1; Table 1), but was
significantly higher in compost addition plots and in the spring at both areas (Season x Compost
interaction, p < 0.05 for both sites; Tables 2,3,4, and 5). Soil moisture was higher in spring and
with the addition of compost at both sites (Season and Compost main effects, p < 0.05 for both
sites; Tables 2, 3, 4, and 5). Soil TIN was similar between sites and increased with compost
addition at both sites (Table 1), with greater values at Cady in September (1.2 ± 0.1 g N/kg)
compared to May (0.2 ± 0.01 g N/kg). At Packard, there was a similar seasonal effect, with
September (0.93 ± 0.09 gN/kg) greater than May (0.66 ± 0.09 gN/kg), echoing the increase in
OM.
Table 1. Cross site comparison of control treatments in Cady and Packard. Mean ± SE water depth (cm),
soil moisture (%), organic matter (%), total inorganic nitrogen (mg/kg), soil pH, bulk density (g cm3),
belowground biomass (g), species richness, Shannon-Weiner diversity index, invasive plant cover (%),
and native plant cover (%) of control plots in each wetland. Results of a one-way ANOVA with
significant values highlighted.
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Table 3. Results of a two-way ANOVA examining the effect of season (Spring, Summer, Fall) and
treatment on soil characteristics total inorganic nitrogen (TIN), organic matter (OM), bulk density (BD),
soil moisture (SM), water depth (WD) and soil pH in Cady wetland. Significant p-values are bolded.

Table 4. Soil characteristics measured in Packard wetland in control, compost treatments. Mean ± SE total
inorganic nitrogen (TIN, mg/kg), organic matter (OM, %), bulk density (BD, g/cm3), soil moisture (SM,
%), pH.

Table 5. Results of a two-way ANOVA examining the effect of season (Spring, Summer, Fall) and
treatment on soil characteristics total inorganic nitrogen (TIN), organic matter (OM), bulk density (BD),
soil moisture (SM), and soil pH in Packard wetland. All values for water depth (WD) were zero.
Significant p-values are bolded.
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3.1.3 Impacts on plant communities
Native plant cover, species richness and plant diversity were significantly higher at
Packard than Cady (p=0.0004) (Table 1), with roughly two-fold greater invasive plant cover in
control plots at Cady (31 ± 2 %) than in Packard (18 ± 2%) (F=30.8, p=<0.001) (Table 1). The
three dominant invasive species evaluated at Cady were P. arundinacea, T. latifolia and L.
salicaria, and T. latifolia, T. angustifolia and L. salicaria at Packard (Figures 4, 5). Predictably,
all plant characteristics varied seasonally, with peak values in July or September, depending on
the growth cycle of each species. Belowground biomass was significantly higher in the control
plots at Cady than Packard (p<0.0001) (Table 1). The two sites differed in plant species
composition and measures of diversity. Packard had a significantly more diverse and rich species
composition as well as significantly higher native cover and less invasive cover than Cady
wetland (Table1).
At Cady, native species cover was significantly higher during the 2015 growing season in
contrast to the dryer 2016 season (p<0.0001) (Table 7, Figure 4). There was a slight interaction
p=0.049 between year and compost treatment in the spring at Cady, reflecting the slightly greater
native cover in 2016 in the presence of compost, and a moderate increase in native cover with
cattail cutting (Table 7, Figure 4). Cutting cattails increased species richness (Table 7) yet, the
opening in the canopy allowed for P. arundinacea, the dominant invasive plant, to move into the
open area (p<0.0001) (Figure 4). In Summer 2015 where cattails were cut, P. arundinacea cover
was highest (27 ± 9%), but with the addition of compost, was reduced slightly (20 ± 10%) and
cover was lower in compost alone plots (8 ± 3%) compared to the control (10 ± 2%) (Figure 4).
In the combined management plots, cover was higher (25 ± 9%) than cutting cattails alone (24 ±
5%) (Figure 1). T. latifolia cover was not significantly affected by compost addition alone but
17

when cut in the spring, cover remained significantly lower than the control (Figure 4). L.
salicaria cover was significantly higher in plots where cattail was cut at Cady, but overall cover
was low and heterogeneous (p=0.02) (Table 7). Overall, in Cady, invasive species percent cover
was higher in areas where cattails were cut (p=0.04) (Table 7).
Table 6. Plant characteristics measured in Cady wetland each season. Mean ± SE species richness (S),
Shannon Diversity Index (H), invasive species cover (Inv %) and native species cover (Nat %).
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Table 7. Results of a three-way ANOVA examining the effect of year (2015, 2016), season (Spring,
Summer, Fall) and treatment on species richness (S), Shannon Diversity Index (H), invasive species cover
(Inv %) and native species cover (Nat %) in Cady wetland. Significant p-values are bolded.
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Figure 4. Plant percent cover in the emergent wetland, Cady, in 2015 and 2016. Values are mean +/- SE.
Points are off-set slightly on the x-axis to allow for clearer visualization of points.
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Table 10. Results of a three-way ANOVA examining the effect of year (2015, 2016) and treatment on
plant percent cover of invasive species: T. latifolia, P. arundinacea and L. salicaria in Cady wetland.
Significant p-values are bolded.

At Packard, there was seasonal variation in all plant cover between 2015 and 2016, with
lower overall species richness, diversity and cover during the drought of 2016 (p=<0.0001)
(Table 9, Figure 5). In Summer 2015, compost addition plots had significantly lower cover of
invasive species (25 ± 5%) relative to the control (31 ± 7%; p=0.01) (Table 8). T. angustifolia
was the dominant invasive plant and reached maximum cover in September 2015 (16.8 ± 1%)
(Figure 5). Compost addition had no effect on T. angustifolia cover (Table 8). T. latifolia
followed a similar yearly and seasonal trend as T. angustifolia (Table 8). Like Cady, L. salicaria
cover was low, but significantly lower in the control in Summer and Fall 2015 (p=0.0003) (Table
12).

21

Table 8. Plant characteristics measured in Packard wetland each season. Mean ± SE species richness (S),
Shannon Diversity Index (H), invasive species cover (Inv %) and native species cover (Nat %).
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Table 9. Results of a two-way ANOVA examining the effect of season (Spring, Summer, Fall) and
treatment on species richness (S), Shannon Diversity Index (H), invasive species cover (Inv %) and native
species cover (Nat %) in Packard wetland. Significant p-values are bolded.
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Figure 5: Plant percent cover in Packard in 2015 and 2016
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Table 11. Results of a two-way ANOVA examining the effect of year (2015, 2016) and treatment on plant
percent cover of invasive species: T. latifolia, P. arundinacea and L. salicaria. Significant p-values are
bolded.

3.2 Greenhouse Experiment
In all species and combination pots, adding compost significantly increased organic
matter (p<0.05 for all; Table 12). Similar to organic matter, soil TIN also doubled in both
combination species and T. latifolia alone, driven by the change in nitrate. Compost addition
significantly increased belowground biomass and final height in the T. latifolia and A.
subcordatum (p<0.01; Table 12), but not any other species. Aboveground biomass was
significantly higher when compost was added to A. subcordatum alone (p=0.02, Table 12) and
P.arundinacea in combination with A. subcordatum (p=0.005, Table 13). Final plant height of
T.latifolia (p=0.006) and A. subcordatum (p=0.0003) alone was significantly higher when
compost was added (Table 12).
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Table 12. Mean ± SE of soil pH, organic matter (OM, %), total inorganic nitrogen (TIN, mg/kg),
belowground biomass (BGBM, g), final height (cm) and aboveground biomass (AG, g) in greenhouse
experiment. Average in single species and combination pots. T-test performed for differences between control
and compost addition in the single-species and combination pots. Significant p-values are bolded. Final height
and aboveground biomass for mixed species pots separated by species in Table 13.
pH
Control
T. latifolia

P. arundinacea
A. subcordatum

OM
+OM

Control

TIN
+OM

Control

BGBM
+OM

+OM

Final Height
Control

+OM

AG
Control

+OM

8.1 ± 0.1 8.2 ± 0.02 4.9 ± 0.6 14.4 ± 2.1 548 ± 206 1981 ± 1301 3.9 ± 2.9 7.5 ± 3.0 25.5 ± 21 48.2 ± 15

4.6 ± 1

4.8 ± 2

t(15)=1.04, p = 0.3 t(13)=4.3, p = 0.0007

t(19)=-2.0, p = 0.8

t(5)=-2.6, p = 0.04

Control

t(22)=-3.0, p = 0.006 t(20)=-3.0, p = 0.006

8.2 ± 0.1 8.2 ± 0.03 3.1 ± 0.5 11.1 ± 1.4 652 ± 374 2253 ± 1751 0.6 ± 0.3 1.3 ± 1.3 37.2 ± 9.3 36.6 ± 9.7 0.5 ± 0.06 0.7 ± 0.1
t(13)=0.14, p = 0.8 t(14)=5.5, p = 0.0007

t(5)=-2.1, p = 0.08

t(12)=-1.8, p = 0.09

8.0 ± 0.1 8.1 ± 0.03 5.0 ± 1.4 8.9 ± 1.0 871 ± 30 1353 ± 608 2.4 ± 1.2 4.6 ± 2.0
t(17)=0.84, p = 0.4

t(21)=-2.2, p = 0.04

t(9)=-1.1, p = 0.3

t(22)=0.1, p = 0.8

t(21)=2.0, p = 0.3

8.6 ± 4.2 16.9 ± 3.5 0.8 ± 0.09 1.2 ± 0.1

t(18)=-3.2, p = 0.004 t(21)=-5.2, p = 0.0003 t(20)=2.0, p = 0.02

9.1 ± 0.1 8.5 ± 0.2 4.2 ± 0.6 8.2 ± 0.7 769 ± 255 2681 ± 703 5.0 ± 2.5 4.6 ± 1.8
T. latifolia x
A. subcordatum t(15)=3.3, p = 0.004 t(22)=-4.4, p =0.002 t(6)=-6.2, p = 0.0007
t(20)=0.5, p = 0.6
P. arundinacea 9.1 ± 0.1 8.9 ± 0.1 3.1 ± 0.3 8.9 ± 0.6 280 ± 124 1814 ± 1170 1.7 ± 1.0 1.9 ± 0.7
x
t(5)=-3.2, p = 0.02
t(19)=-0.5, p = 0.6
A. subcordatum t(22)=2.09, p = 0.04 t(17)=-8.5, p = 0.001

Table 13. Mean ± SE of aboveground biomass (AG, g) and final height (cm) for combination pots. T-test
performed for differences between control and compost addition in the single-species and combination pots.
Significant p-values are bolded.
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Figure 6. Plant heights in greenhouse experiment. A: A. subcordatum (square points) B: T. latifolia (circles) C: P.
arundinacea (diamond) D: T. latifolia (circle) x A. subcordatum (square) E: Combination P. arundinacea (diamond)
A. subcordatum (square)
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Figure 7. Above and belowground biomass in control (white) and compost amended (gray) single species
pots. *indicate significance based on t-test (p<0.05)

Figure 8. Above and belowground biomass for the species combination pots. Aboveground biomass is
split between the native and invasive species in each combination and by treatment: control (light gray)
and compost (dark gray).
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4. Discussion
Using large-scale compost addition as a management tool helped enhance wetland
function through improving soil moisture and organic matter, in turn helping maintain resilience
of plants during drought. Combining this strategy with cutting the dominant invasive plant at
Cady (Typha) helped native plant species, but also led to increased spread of other undesirable
species. Drought and site-specific hydrology impacted the extent of soil enhancement.
Successful management requires understanding which specific ecosystem functions any one
technique impacts.
The two wetland sites were similar in initial organic content and nutrient levels, but
different substantially in hydrology. The similarities in nutrient and OM were likely derived from
different trajectories, given the dissimilar history of the two sites (pasture versus row crop). The
hydrological differences derived from both differences in water table depth and connectivity to
other systems. Isolated wetlands are more strongly affected by changes in climate regimes
(Middleton et.al 2012). In Packard, altered hydrology due to lack of connectivity to surface and
groundwater resources means it’s primarily fed by precipitation and some snow melt. Droughts,
like the one experienced in 2016, can cause a shift in native plant growth and species
composition. Species in Packard shifted from wetland sedge species in 2014 (pers. obs.) to wet
meadow species in 2015 and in 2016, with more upland species were recorded than the previous
year, suggesting a shift in plant community structure.
Soils are the foundation of wetland ecosystems by providing moisture, structure and
nutrients to plant communities. Soil development is often slow in created wetlands so enhancing
soil properties such as organic matter, bulk density and soil moisture is key to successful creation
efforts. Soil organic matter is often difficult to mimic when creating wetlands where none existed
previously, yet this is a crucial element to successful creation. During the early stages of
development, organic matter typically increases as plants colonize and senesce over several years
(Odum, 1969). Prior land use sets the stage for the levels of organic matter found in the first 10
years after construction (Campbell 2002). In both wetland sites, addition of leaf litter compost
was successful in increasing soil organic matter by 3-5% over the course of two to three
applications. Low soil organic matter has been linked to lower vegetation establishment and
growth, poor habitat for macroinvertebrates and altered nutrient cycling (Shafer & Ernst 1999).
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By adding compost, we were able to increase soil organic matter to a level closer to that of
natural freshwater wetlands which is between 12 and 20 percent (Campbell 2002, Faulkner &
Richardson 1989). Bulk density (BD) was not significantly different between Cady and Packard.
Adding compost significantly lowered BD in both wetlands. Created wetlands often have high
BD soils that limit the vegetation communities. Amending wetland soils could increase the
likelihood of these wetlands reaching full function in 10-15 years and overall, leaf litter compost
could be an inexpensive treatment to increase organic matter in created wetlands early in
development (Sutton-Grier 2009, Wolf 2011).
Hydrology was the most influential difference between the two wetlands, influencing
plant community composition. Drought played a substantial role in the effects seen by adding
compost. In 2015, Packard dried by late June and Cady by late July, although the soil remained
saturated. In 2016, both wetlands were completely dry by early June. Rainfall in 2015 for the
peak growing season (June, July and August) was 40.5 cm compared to only 15.3 cm in 2016
(usclimatedata.com). The extreme summer of 2016 had a negative impact on native plant growth
in both areas. There was a 50% decrease in total cover in all treatments between 2015 and 2016
(Figures 1 and 2). In both areas there was a decrease in invasive cover between 2015 and 2016,
independent of treatment. At Cady, evaluating the potential impact of compost on P.
arundinacea was difficult due to the drought. In 2015, P. arundinacea cover was significantly
reduced in the compost addition plots as compared to the control (Figure 1). In 2016, the effect
was minimal due to increased growth in the other treatment plots. Once the soil dried
completely, P. arundinacea outgrew the other native and invasive species due to higher tolerance
to drought, minimizing compost addition effects seen in 2015.
Nitrogen availability in the soil was significantly higher in treated plots in Packard but
not significantly influenced in Cady (Table 5). The C:N ratio of the leaf litter compost used for
this project was close to that of the initial soil conditions and had a larger quantity of fresh plant
material, likely from yard clippings which resulted in a higher amount of available N. The
optimum C:N of compost is around 40:1 and the compost used in this experiment was on average
18:1 between the 2015 and 2016. This is consistent with other studies that found that soil
amendments with higher N concentrations such as compost and topsoil significantly increased
soil N (Bailey et al. 2007, Ballantine et al 2012, O’Brien & Zedler, 2006, Sutton-Grier et al.
2009).
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Enriching soil organic matter, moisture and N while decreasing bulk density was
potentially responsible for the increased cover of native species in both areas (Figures 1&2).
Although not significant, in Cady, the highest amount of soil N occurred in the combination
control plots (746.9 ± 209.4 mg/kg) correlated with the highest native species cover (22.9 ±
2.4%). Species richness was also significantly higher using combined management than any
other treatment (4.43 ± 0.13 species) and Shannon-Weiner diversity indices followed a similar
trend. The greenhouse experiment further validated the effects seen in the large-scale field
manipulation. Adding compost increased organic matter by 5-10% resulting in values close to
that of natural wetland soil (Table 5). Soil extractable N was also significantly higher in all
single species and combination pots. This increase in available N may have caused the slightly
higher heights of the native A. subcordatum and the invasive T. latifolia (Figure 5), suggesting
that these species may be most responsive to organic matter addition.
Further, to the benefit of native species, compost addition decreased some invasive plant
growth. P. arundinacea cover was reduced when plots were amended with compost, in 2015,
although this effect nearly reversed in 2016 (Figure 4). Cutting cattails opened the canopy and
likely due to lack of rain, drought tolerant P. arundinacea filled in space where native plants
were unable. Native species cover in Packard followed a similar trajectory between 2015 and
2016 (Figure 5). This suggests that removal of invasive Typha spp. combined with adding
compost, can lead to a more diverse plant community if wetlands stay flooded (Lishawa et al.
2015, Sutton-Grier et al. 2009) Although species richness and diversity were increased with
compost soil amendments, they still didn’t reflect natural values of comparable freshwater
wetlands in the northeast (S≅10-12), highlighting the importance of continued restoration and
control efforts following construction and past the time frame of typical required monitoring
(Balcombe et al. 2005, Campbell 2002).
5. Conclusions
This study demonstrated that amending created wetland soils could be key in helping
combat invasive species growth while also curbing the effects of increasingly extreme weather
due to climate change. Implementing compost addition as a control measure in areas with high
yearly variation may help native species resilience. Compost soil amendments could help in
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wetland creation by regulating organic matter and bulk density when there is a prolonged lack of
precipitation. However, our results indicate that multiple management techniques employed in
tandem may be required to promote healthy and functional wetland ecosystems. By removing
invasive plants and amending the soil, native species cover increased and was more stable when
compost was also added. Amending wetland soil creates a more suitable base for a wider range
of wetland plant species are able to colonize, leading to more diverse plant communities that
have a better ability to survive potential changes in climate.
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